Effective gas exchange can be maintained in animals without the need for endotracheal intubation using external chest wall oscillation (ECWO) 
Effective gas exchange can be maintained in animals without the need for endotracheal intubation using external chest wall oscillation (ECWO) . The clinical application of this technique has been limited by equipment which was either impractical or uncomfortable. We evaluated a prototype of a new oscillator in which an oscillatory profile of negative and positive pressure was imposed on a negative baseline pressure within a cuirass. In seven healthy subjects, we identified an oscillatory cuirass pressure that could effectively ventilate but would not result in severe hypocapnia over 5 min. We then measured the influence of changing the frequency of oscillation (fo) on PaCO2 and spontaneous ventilation. Lastly, we evaluated the capability of this prototype to achieve targeted changes in chamber pressure. Subjects were ventilated with an inspiratory chamber pressure of -20±4 cm H20, an expiratory chamber pressure of 5 cm H20 and an inspiratory-expiratory ratio of 1:1 at 9 oscillatory frequencies (fo: 1 to 5 Hz at 0.5-Hz increments). Each subject was ventilated for 5 min with consecutive periods of ECWO being separated from each other by 10 
METHODS AND PROCEDURES

Methods
The study subjects were seven healthy volunteers, six of whom were men and one of whom was a woman, who participated after giving their informed consent. Standard measurements of lung volumes, flows, airway resistance, and diffusing capacity were made,"1 13 and anatomical dead space was predicted from body weight.'4 Each subject was ventilated with ECWO using a Hayek Oscillator (Breasy Medical Equipment, London, England).
The oscillator consisted of a power unit, a control unit, and a chest cuirass. The cuirass was a specially shaped clear plastic shell that spanned the anterolateral area of the chest and abdomen from sternum to pubis. Additional support and a close seal was provided by a steel back plate secured to the cuirass. Thus, an airtight chamber could be created with the cuirass, chest, and abdominal wall. The chamber was connected to a power unit with flexible tubing. The power unit consisted of a piston that altered the chamber pressure from negative (inspiration) to positive (expiration). The chest compressions were superimposed upon a continuous negative pressure provided by the power unit. The control unit was connected to the chamber by a flexible narrow lumen tube. In this way, the control unit monitored the chamber pressure and appropriately adjusted the power unit to achieve the desired fo, inspiratory chamber pressure (Pic), expiratory chamber pressure (PEC), and inspiratory-expiratory ratio (I-E). Change in chamber pressure (APc) was calculated as the difference between Pic and PEC.
Chamber pressure (Pc) was measured with the pressure transducers present within the control unit of the oscillator. Pleural pressure (Ppl) was measured using an esophageal balloon catheter.15 A 5-cm latex balloon was secured over the perforated distal end of a 110-cm catheter (balloon volume, less than 0.5 mL), and it was positioned using an occlusion method to minimize cardiac and structural artifacts and to accurately reflect Ppl. 16, 17 Esophageal pressure closely reflects Ppl in the frequency range of 2 to 32 Hz.'8 The frequency response of the measurement system (catheter and transducer) was flat to 13 Hz. The change due to oscillation or change in pleural pressure (APpl) was the difference between end-inspiratory and end-expiratory pressures.
A spontaneous breath was defined as an active clearing of dead space identified when expired carbon dioxide concentration (FE- CO2 declined to zero. The accompanying increase in thoracic volume reduced chamber volume, thereby increasing Pc. Spontaneous breaths also could be identified by low pass filtering of the esophageal pressure, which eliminated the high-frequency oscillation due to ECWO. The spontaneous frequency of breathing (fb) during ECWO was expressed as the number of spontaneous breaths per minute. Examples of ECWO without and with spontaneous breaths are shown in Figure 1 , A and B, respectively. The Vo was measured at the mouth using a dry rolling seal spirometer (Morgan, Gillingham, England). The resistance characteristics of the spirometer have been determined using a highflow pump capable of a 5-L stroke at a peak velocity of 35 L * s-1.
Resistance was 0.02 cm H20 at 10 L -s-1, and the frequency response was flat ± 1% to 4 Hz with a I-L excursion. The Vo was derived from the difference between the peak and the valley of the volume waveform during ECWO. Some measurements were made during apnea attributable to ECWO. When spontaneous breathing was present, Vo was determined during the end-expiratory pause before the next breath.
Determination of Arterial Carbon Dioxide Pressure
Arterial carbon dioxide pressure was derived from FECO2 measured at the mouth with a rapidly responding carbon dioxide monitor (SensorMedics, Anaheim, Calif) calibrated with known fractional concentrations of carbon dioxide of 0, 5, and 7%. Although resting end-tidal Pco2 accurately reflects PaCO2 to within 4 mm Hg,'9'20 this method is dependent on tidal breathing. While application of the cuirass does not significantly change functional residual capacity,2' ECWO could have lowered PaExternal Chest Wall Oscillation and Gas Exchange (Dolmage et al) The protocol consisted of four sessions separated by at least 1 day. The first session was an introductory session, and the next two sessions were used to determine the relationship between PaCO2, Vo, and fo. The fourth session was used to determine the limitations of this particular prototype in achieving the targeted APc. Subjects were asked to empty their bladder immediately before each session.
Introductory Session: The purpose of the introductory session was to familiarize the subjects with the equipment and to determine the cuirass pressures that they could comfortably tolerate. During this session, we identified a cuirass pressure that could ventilate effectively but would not cause severe hypocapnia over 5 min. Upon arrival, the subject was shown the oscillator and fitted with a cuirass. The subject then reclined in a chair and breathed through a mouthpiece (<5 mL dead space) with a carbon dioxide sampling tube directed to sample airflow. The subject rested quietly for 5 
Statistical Analysis
The effect of the independent variable fo on the dependent variables APaCO2, Vo, and fb was determined for each subject and repeated on a separate day. Therefore, the study was a twofactor design (9X2) with repeated measures on the factor "day." Analysis of variance was used on each of the dependent variables to determine if there was a significant effect among fo values between days. Since there was not a significant interaction of fo and day for any of the dependent variables, the main effect of fo was analyzed collapsed across day. When the main effect of fo was significant, post hoc analysis with paired t tests was used to determine if there was a significant difference at each fo relative to baseline. A probability value of 0.05 with a Bonferroni correction was used to determine significant differences for all statistical tests. All values are presented as mean and standard error unless indicated otherwise.
RESULTS
Seven subjects completed the study and their heights, weights, pulmonary function data, and predicted anatomical dead space are presented in Table  1 . All subjects tolerated ventilation well, and the ventilatory settings for PIC, PEC, and I-E determined during the introductory session are presented in Table 2. Analysis of variance showed a significant effect of fo on APaCO2. As fo increased the APaCO2 after 5 min of ventilation decreased (Fig 3, A) . Similarly, there was a significant effect of fo on Vo. As fo was increased, the Vo decreased (Fig 3, B) . As shown in Figure 3 , C, the APaCO2 occurred in the absence of spontaneous breathing (fb=O) at 1 and 1.5 Hz. As fo was increased, fb increased and was greater than 5 breaths min-1 at frequencies greater than 2.5 Hz (Fig 3, C) . In four subjects, APpl was measured. The PiC and PEC and therefore APc were held constant across the nine different frequencies as in the second and third sessions. There was no significant difference in APpl with increasing fo. The mean APc for the four subjects was 27 ± 3 cm H20 and ranged from 23 to 30 cm H20. The mean APpl for the four subjects was 7 ± 2 cm H20 and ranged from 4 to 12 cm H20. In this session, PiC and PEC also were varied. A target APc of 30 cm H20 was achieved at each of the frequencies tested (1, 2.5, and 4 Hz). At higher targets (35 and 40 cm H20), the pressures achieved were less than those targeted. When APc of 40 cm H20 was targeted, the mean APc achieved was 38 ± 1 cm H20. This was achieved only at 4 Hz. At 1 and 2.5 Hz, the pressures achieved were 31 ± 3 and 37 ± 2-cm H20, respectively. To obtain a high APc, it was necessary to tighten the cuirass that in turn reduced the time during which the subject could tolerate ECWO.
DISCUSSION
An advantage of ECWO is that it may provide adequate ventilation with relatively small tidal volumes, thus avoiding the detrimental effects associated with conventional mechanical ventilation. The oscillator model that we evaluated was easily applied and required no more than 10 min to be fitted. Movement was somewhat restricted in the supine and semirecumbent positions because of the cuirass and back plate, but we are aware (personal communication, Breasy Medical) that the design is being modified to increase mobility and comfort. At Pcs of up to 30 cm H20, oscillation was well tolerated within the time frame of our measurements.
We intended to evaluate Pc changes above 30 cm H20. Unfortunately the prototype we tested was not well tolerated at high Pcs, since the cuirass needed to be tightly applied to minimize the compliance of its hollow foam lining. It was less comfortable when tightened, and subjects occasionally experienced bladder stimulation when fo was above 2 Hz.
We found that the increase in carbon dioxide elimination with ECWO at a constant oscillatory pressure was inversely related to the fo. At frequencies of 1 to 2 Hz, a decrease in PaCO2 could be achieved in the absence of spontaneous ventilation. Although spontaneous ventilation occurred as the fo was increased beyond 3 Hz, the subjects remained normocapneic, and their frequency of spontaneous breathing was reduced to below that of their resting unassisted respiratory rate. Calverley et al'0 obtained similar results when inducing external chest wall oscillation at 3, 5, and 8 Hz using a .pressure cuff. The method used in the study of Calverley et al'0 did not control lung volume and may have been less effective in promoting gas exchange as inspiration was achieved by the passive recoil of the thorax. As the fo was increased, they observed a decrease in the Vo. Spontaneous minute ventilation was reduced with oscillations of 3 and 5 Hz, but PaCO2 did not change.
In our study, at oscillatory frequencies less than 2.5 Hz, the PaCO2 decreased as the Vo was equal to or greater than the predicted anatomical dead space. In this frequency range, carbon dioxide elimination is highly dependent on bulk flow.24 At frequencies greater than 2.5 Hz, ECWO reduced dead space and allowed subjects to remain normocapneic at a lower frequency of spontaneous breathing. One can predict from the general equation of alveolar ventilation described by Venegas et a124 that at 4 Hz a Vo of at least 130 mL would be required to maintain normocapnia in the absence of spontaneous breathing. Our measured Vo at 4 Hz was well below this value. It was not surprising therefore that spontaneous respiration continued. The maximum Pc changes that we could achieve at 4 Hz were 38 to 40 cm H20. At higher Pcs, spontaneous ventilation may well have been eliminated at higher frequencies. Thus, the characteristics of this ECWO device would be enhanced by a larger pump that would adequately compensate for cuirass compliance as well as leaks, and some of the useful properties of high-frequency ventilation on gas exchange could be used.
We could not identify an ideal frequency for ECWO between 1 and 5 Hz among healthy volunteers. Carbon dioxide elimination was directly related to the Vo achieved. As the fo increased, the Vo decreased. This decrease in Vo could be simply attributed to a decrease in the time for each oscillation (inspiration time or expiration time) because the Ppl amplitude did not decrease significantly over the range of frequencies. The Ppl amplitude remained constant as fo increased, changing only in association with changes in the amplitude of oscillatory Pc Whether this method of ventilation is effective in patients with respiratory disease remains to be determined. Blood gas values were improved and endotracheal intubation was avoided in three of 9 patients in respiratory failure when ECWO was used, although the oscillation frequency was limited to 1 Hz.27 At 5 Hz, chest wall oscillation has been shown to be effective in increasing intrapulmonary gas mixing as well as alveolar ventilation and Harf et a128 have suggested that it might be of benefit to patients with COPD. When Piquet et a129 superimposed oscillations at 5 Hz during exhalation only, he had limited success in lowering the spontaneous minute ventilation in patients with COPD. However, a slight increase in carbon dioxide elimination was achieved in association with a slower and deeper pattern of breathing. Oscillation in which both inspiration and expiration are active oscillatory processes may be more effective in such patients. Furthermore, by controlling the mean Pc at a negative value, the baseline lung volume may be increased, thus enhancing gas exchange by keeping the airways open. A preliminary report has suggested that changing the mean Pc by -15 cm H20 will increase the functional residual capacity by 580 mL. 21 Our evaluation has been of a new externally applied ventilatory-assist device that functioned well among healthy volunteers at frequencies above those conventionally used. However, the characteristics of the pump and cuirass limit its use at the high Pcs required to achieve normocapnia in the absence of spontaneous respiration at frequencies greater than 3 Hz. Clearly, there will be considerable interest in the applicability of this technique to patients in whom respiratory impedance may be higher than in healthy volunteers as a result of conditions that affect the chest wall or the lung parenchyma.29 '30 Whether or not the conclusions drawn from this report can be applied to such individuals will be the focus of further studies. In conclusion, we have evaluated a prototype of a commercially available ECWO that can provide effective ventilation among healthy adults in the presence or absence of spontaneous breathing. Further studies are warranted to investigate the application of this technique in patients with impaired respiratory function.
